The ability to induce long-term immunity to Helicobacter pylori is necessary for an effective vaccine. This study was designed to establish the most efficient route(s) (systemic, mucosal, or a combination) of immunization for induction of long-term immunity and to define correlates of protection. Mice were immunized orally alone (oral group), intramuscularly (i.m.) alone (i.m. group), orally followed by i.m. (oral/i.m. group), or i.m. followed by orally (i.m./oral group). Long-term protective immunity to oral H. pylori challenge was observed 3 months after immunization through the i.m. or oral/i.m. route. Protection correlated with an increase in H. pylori-specific interleukin-12 and both immunoglobulin G1 (IgG1) and IgG2a serum titers following challenge. Mice that were not protected (oral or i.m./oral) had increased levels of IgA in both sera and Peyer's patches. This study demonstrates the ability to induce long-term immunity against H. pylori, provides correlates of protection, and illustrates the crucial role of the immunization route(s).
Helicobacter pylori is a gram-negative spiral bacterium that colonizes the gastric epithelium in nearly 50% of the world's population. Infection is typically acquired early in childhood and continues throughout the life of the host, leading to chronic gastritis and in some cases peptic ulcer disease or gastric cancer (32, 37) . In spite of the development of H. pylori-specific immune responses, the bacteria are rarely eliminated from the gastric epithelium (6) . Treatment for H. pylori infection includes a combination of a proton pump inhibitor and two antibiotics. However, antibiotic resistance, high cost, and recurrence of infection make world-wide eradication through drug therapy problematic. While development of a vaccine is ideal, the challenge lies in inducing long-lasting immunity. Various routes of immunization have been used to demonstrate protection against H. pylori in mice: oral, intranasal, intrarectal, intradermal, and subcutaneous (11, 13, 15, 20, 24, 34, 35, 43) . Most H. pylori vaccine studies challenge animals 2 to 4 weeks after immunization, when the immune response is still in the acute effector phase (13, 15, 18, 20-22, 35, 36) , and this does not test generation and maintenance of immunologic memory. Thus, results from previous studies cannot be used to predict long-term protection.
Mucosal immunization is a route commonly used to induce mucosal immunity. While immunizing through a mucosal route seems optimal for eliciting mucosal immunity, no studies have reported its success in the generation of H. pylori immunologic memory. Unlike for Helicobacter felis, against which long-term protection can be achieved through immunization, a longterm-protection model for H. pylori has yet to be reported (27, 33) . Recent studies have demonstrated that immunization through a combination of mucosal and systemic routes may increase mucosal immunity (22, 25, 39, 40) .
The mechanisms by which protection against H. pylori occurs are still unknown. In general, immune responses, such as local and systemic antibody and cytokine production, may be used as immunological surrogate markers for protection. For H. pylori, recent literature shows that, except for the interleukin-12 (IL-12) response, most cytokine and antibody responses do not directly correlate with short-term protection. After immunization, IL-12 knockout mice maintained bacterial levels equivalent to those of unimmunized controls when challenged with H. pylori, while wild-type animals had a decrease in bacterial load in the stomach (2) . In addition to the IL-12 response, a strong adaptive Th1 immune response has been shown to aid in protection (3, 5, 9, 44) . However, these data were generated during the acute effector phase; thus, identifying correlates of protection following a long-term resting period is of great interest.
Herein, we compared immunization methods that combined both mucosal and systemic routes in order to determine which prime/boost regimen would be most effective in eliciting longterm mucosal immunity and protection from H. pylori challenge. Mice were immunized orally alone (oral group), intramuscularly (i.m.) alone (i.m. group), orally followed by i.m. (oral/i.m. group), or i.m. followed by orally (i.m./oral group) and then challenged orally with live H. pylori 3 months following the final immunization. Our goal was to establish the most efficient route(s) of immunization for induction and maintenance of long-term immunity and to more accurately identify immunologic correlates of protection.
MATERIALS AND METHODS
Animals. Specific-pathogen (Helicobacter)-free, female BALB/c mice were purchased from Taconic (Germantown, NY) and used between the ages of 8 and 12 weeks. Mice were housed in microisolator cages and provided with autoclaved food, water, and bedding to reduce opportunistic infections. Mice were fed and watered ad libitum. All animals were housed under protocols approved by the ALAAC and the Institutional Animal Care and Use Committee of the University of California, Davis.
H. pylori culturing and vaccine preparation. H. pylori mouse-adapted Sydney strain 1 (SS1) was subcultured on brucella agar for 48 h prior to passage into brucella broth, both supplemented with 5% newborn calf serum. For H. pylori challenge, the liquid culture was harvested, with the final concentration adjusted to 10 9 bacteria/ml for each single dose of 0.1 ml in brucella broth (10 8 ). For vaccine preparation, the liquid culture was harvested at mid-log phase (optical density at 600 nm of 0.4 to 0.6) and pelleted by centrifugation. Pellets were resuspended in sterile phosphate-buffered saline (PBS) and sonicated (Sonic Dismembrator 550; Fisher Scientific, Pittsburgh, PA) on ice with five 10-s pulses at an amplitude between 7 and 9. Protein was measured via a protein concentration measurement assay (Bio-Rad, Hercules, CA) at an optical density of 595 nm. H. pylori SS1 sonicate was used for both vaccination and immunoassays (enzyme-linked immunosorbent assay [ELISA], Luminex assay, and enzymelinked immunospot [ELISPOT] assay).
Immunizations, challenge, and experimental design. Five groups of mice were immunized five times at 10-day intervals. Oral immunizations consisted of 100 g of H. pylori sonicate and 10 g cholera toxin (CT) (Sigma) suspended in 0.5 ml of 3% sodium bicarbonate, administered by gavage, whereas i.m. immunizations contained 10 g H. pylori sonicate and 1 g CT injected into the right thigh muscle. The groups were structured as follows. The i.m. group (n ϭ 12) received five immunizations i.m., the oral group (n ϭ 12) received five immunizations orally, the oral/i.m. group (n ϭ 9) received three oral followed by two i.m. immunizations, the i.m./oral group (n ϭ 10) received two i.m. followed by three oral immunizations, and the mock-infected (mock) control group (n ϭ 10) received three oral immunizations and two i.m. immunizations of 3% sodium bicarbonate (oral) or PBS (i.m.) ( Table 1) . Sera were collected 7 days after the final immunization, 3 months after the final immunization prechallenge, and 7 days postchallenge. Animals were challenged 3 months after the final immunization and sacrificed 8 days later. Mice were challenged with three doses of 10 8 CFU of H. pylori SS1, suspended in 0.1 ml brucella broth, at 2-day intervals. Doses were administered by oral gavage using a ball-end feeding needle. Mice were euthanized with an overdose of pentobarbital sodium solution (Nembutal; Abbott Laboratories, North Chicago, IL). Peyer's patches, spleens, and stomachs were sterilely collected from all mice at the time of sacrifice.
Lymphocyte isolation. Spleens were processed individually whereas Peyer's patches were pooled from groups of three mice. Tissues were ground through a screen mesh, and red blood cells were lysed with ACK lysis buffer (Biosource, Camarillo, CA). Lymphocytes from gastric tissues were isolated by collagenase type II (Sigma Chemical Co., St. Louis, MO) digestion, as previously published (12) . Stomachs, pooled for each group, were homogenized and incubated in 20 ml of 440 U/ml collagenase II in complete RPMI 1640 (Invitrogen/Gibco BRL, Grand Island, NY) containing 5% fetal bovine serum (FBS) (Gemini, Woodland, CA), 2 mM glutamine, penicillin, streptomycin, nonessential amino acids, sodium pyruvate, 10 mM HEPES (all from Gibco), and 5 ϫ 10 Ϫ5 M 2-ME (Sigma) with shaking (200 rpm) for 20 min at 37°C, for a total of three incubations (New Brunswick, NJ). Cell suspensions from all mice in each group were washed, centrifuged, combined, and passed through a 45 M filter. All cells were then resuspended at 2 ϫ 10 7 cells/ml in complete RPMI with 10% FBS. Antigen-specific cytokine assays. Antigen-specific IL-4 responses in lymphocytes from immunized mice were measured using an ELISPOT assay as previously described (40) . Briefly, 2 ϫ 10 6 lymphocytes were added to polyvinylidene difluoride plates (Millipore) precoated with rat anti-mouse IL-4 (Endogen, Woburn, MA) and blocked with complete RPMI-10% FBS. Cells were then incubated with 50 g/ml of H. pylori sonicate for 13 h at 37°C. Following incubation, supernatants from all ELISPOT assay plates were collected and frozen at Ϫ80°C for use in Luminex assays. Plates were washed with PBS-0.02% Tween 20 and incubated at room temperature for 2 h with biotinylated rat anti-mouse IL-4 (Endogen) in PBS-0.02% Tween 20-0.1% bovine serum albumin. Plates were washed and incubated with avidin-peroxidase (1 h at 37°C), followed by diaminobenzidine substrate in Tris-HCl (pH 7.5) buffer for 15 min. Spots were counted by use of a Zeiss KS automatic ELISPOT reader. Luminex technology was used to detect the remaining cytokines from 50 l of previously frozen cell culture supernatant. IL-1␤, IL-2, IL-5, IL-6, IL-10, IL-12, granulocyte-macrophage colony-stimulating factor, gamma interferon (IFN-␥), and tumor necrosis factor alpha (TNF-␣) levels were measured according to the manufacturer's instructions by using a Beadlyte mouse multicytokine detection system 2 (Upstate, Lake Placid, NY) and Luminex 100 (Luminex, Austin, TX). A minimum of 100 beads were read, and data were analyzed by MasterPlexQT software (MiraiBio, Alameda, CA) using five-parameter logistics.
Antigen-specific antibody assays. H. pylori-specific IgG1, IgG2a, and IgA titers were measured from both serum and cell culture supernatant from lymphocytes isolated as described above and cultured overnight in complete RPMI-10% FBS at 2 ϫ 10 5 cells/ml. U-bottomed, 96-well ELISA plates (Nunc Maxisorp, Denmark) were coated with 5 g/well H. pylori sonicate in PBS overnight at 4°C. Plates were washed with PBS-0.3% Tween 20 and then blocked with PBS-2% goat serum (Gibco, Carlsbad, CA) for 1 h at 37°C. Serum samples were added at an initial dilution of 1:200 in duplicate, with 1:3 serial dilutions performed in PBS-2% goat serum. Cell culture supernatant was serially diluted 1:3 in PBS-2% goat serum. Plates were incubated for 1 h at 37°C and then washed in PBS-0.3% Tween 20. A 1:10,000 dilution of biotinylated goat anti-mouse IgG1, IgG2a, or IgA (Southern Biotech, Birmingham, AL) was added to the plates for 1 h at 37°C. Plates were washed and then incubated with a 1:1,000 dilution of streptavidin-horseradish peroxidase (BD/Pharmingen) for 1 h at 37°C. Plates were again washed, developed with tetramethylbenzidine (Kirkegaard and Perry, Gaithersburg, MD) for 10 min, and stopped with 2 M HCl. The optical density of each well was measured at 450 nm on a VMax plate reader (Molecular Devices, Sunnyvale, CA).
Quantitative H. pylori culture from gastric tissue. Stomachs were divided in half longitudinally for quantitative analysis of H. pylori infection. Briefly, samples were placed in 300 l of brucella broth, weighed, and homogenized using a sterile ground-glass pestle. Tenfold serial dilutions were plated on brucella agar plates and incubated in a 5% CO 2 incubator for 5 to 7 days. H. pylori isolates were identified by colony morphology, microscopy, and biochemistry. The CFU per gram of gastric mucosa was calculated by enumerating colonies, adjusting for the dilution, and dividing by the tissue weight.
Statistical analysis. The primary analysis was a comparison between immunized groups and mock controls. Secondary comparisons among immunized groups were performed selectively as described in Results. Statistical significance was assessed by a nonparametric Mann-Whitney test for multiple comparisons. Differences between groups were considered statistically significant at a P value of Ͻ0.005 based on a Bonferroni correction for multiple comparisons. SPSS (Statistical Product and Service Solutions) comprehensive statistical software was utilized for all analyses. 
RESULTS
Acute effector and prechallenge serum IgG1, IgG2a, and IgA antibody titers. Mice were immunized five times using various single immunizations or combinations of systemic and mucosal routes of immunization and rested 3 months before oral challenge with H. pylori (Table 1) . To determine how combinations of mucosal/systemic immunizations influence humoral immune responses over time, sera were taken 7 days after the last immunization (acute effector phase) and 120 days after the last immunization (prechallenge). At the acute effector phase, the i.m., oral/i.m., and i.m./oral groups all had significantly higher H. pylori-specific IgG1 and IgG2a serum antibody titers than the mock group (P Ͻ 0.001) (Fig. 1a and b and Table 2 ). The oral/i.m. group had the highest IgG1 antibody titers, while the i.m. group had the highest IgG2a antibody titers. The i.m., oral/i.m., and i.m./oral groups also had high IgG1 and IgG2a antibody titers compared to those of the oral or mock groups in sera collected prechallenge (P Ͻ 0.001) (Fig. 1c and d) . However, at this phase the i.m. group had the highest IgG1 antibody titers and there were no significant differences in IgG2a antibody titers between the i.m., the oral/i.m., and the i.m./oral groups. Both IgG1 and IgG2a antibody titers were consistently low at all time points for mice immunized orally only, indicating that oral immunizations not combined with a systemic route were poor at stimulating serum IgG antibodies. During the acute effector phase, H. pylori-specific serum IgA was high in the oral and the i.m./oral mice (compared to levels for the mock controls [P ϭ 0.07 and P Ͻ 0.005, respectively]) but not in the i.m. and oral/i.m. mice. Three months later (prechallenge), all groups had higher H. pylori-specific IgA titers than the mock controls (P Ͻ 0.005) (data not shown). These results show that in the acute effector phase, i.m. and oral/i.m. immunizations stimulated the highest IgG2a and IgG1 antibody responses, respectively. However, 3 months after the final immunization, before challenge, serum IgG1 antibody responses were the highest following i.m. immunizations, whereas IgG2a responses were comparable following the i.m. and oral/i.m. immunizations.
Long-term protection in stomach against infection with H. pylori. We next examined which route(s) of immunization best (Fig. 2 ). While the oral and i.m./oral groups appeared to have slightly decreased bacterial loads, there were no significant differences found in comparison to the mock control group. The oral/i.m. group (protected) and the i.m./ oral group (not protected) differed in gastric bacterial load by nearly 1 log (P Ͻ 0.01), which emphasizes that not only the route but also the order of immunization was important. Peripheral and local antibody responses following challenge. Sera and tissues (splenocytes, Peyer's patches, and stomachs) were collected at 7 and 8 days postchallenge, respectively, to determine which immunization routes induced the highest local and systemic antibody responses. All groups, except oral alone, had higher H. pylori-specific serum IgG1 and IgG2a titers than the mock controls (P Ͻ 0.001) (Fig. 3a and  b ). IgG1 and IgG2a were undetectable in Peyer's patches and gastric tissues. The protected groups (i.m. alone and oral/i.m.) had significantly higher IgG1 and IgG2a serum antibody titers than either the oral or the i.m./oral group (P Ͻ 0.005). The oral and i.m./oral groups had lower IgG1 and IgG2a serum antibody titers than the i.m. and oral/i.m. groups; however, except for IgG2a titers in the oral group, all values were significantly higher than those for the mock controls (P Ͻ 0.001). While the i.m. and oral/i.m. groups maintained IgG1/IgG2a ratios of approximately 5.00, the oral and i.m./oral groups had ratios that increased to 24.09 and 13.18, respectively. These data suggest that a lower IgG1/IgG2a ratio, which reflects a Th1 response, may be related to increased protection against H. pylori challenge.
As IgA antibody responses are generally thought to be associated with mucosal responses, we next determined local and serum IgA responses. Postchallenge, all groups except for the mock control had detectable serum IgA titers (P Ͻ 0.001) (Fig.  3c) . The oral and i.m./oral groups induced higher serum IgA antibody titers than the i.m. or oral/i.m. groups. Although H. pylori-specific IgA was detected only in Peyer's patches of mice immunized through the oral or the i.m./oral route (Fig. 3d) , these values did not reach statistical significance compared to values for mock controls. IgA was not detected in gastric tissue from any of the groups. Together, these data show that following oral challenge mucosal IgA responses, as well as serum IgA responses significantly higher than those for the mock control group, were detected in the two groups that were not protected, namely, the oral and i.m./oral groups (Fig. 3d) .
Innate-type cytokine responses following challenge. It is unclear how immunization through different routes may affect innate immune responses following H. pylori challenge. Although innate responses are induced early after immunization or challenge, we reasoned that some innate-type cytokine responses may persist postchallenge. Therefore, we next measured several innate-type cytokines thought to be involved in H. pylori infection. Innate-type cytokines were found only in splenocytes and were not detected from Peyer's patches or gastric lymphocytes. All immunized groups secreted significantly more granulocyte-macrophage colony-stimulating factor, IL-1␤, and TNF-␣ than the mock control group. However, no significant differences were seen among the groups (data not shown). The i.m., oral, and oral/i.m. groups all produced more IL-10 than the mock control group, while the i.m./oral group did not (P Ͻ 0.005) (Fig. 4a) . Only i.m.-immunized mice secreted increased levels of IL-12 that were significantly higher than those for the mock controls (P Ͻ 0.005) (Fig. 4b) . While oral/i.m.-immunized mice also secreted increased levels of IL-12, these levels did not reach statistical significance (P ϭ 0.02). Overall, these data show that while all routes of immunization produced significant innate-type cytokine responses, enhanced IL-12 secretion was detected in the protected groups.
Adaptive Th1-and Th2-type cytokine responses following challenge. We next determined the effects of the route of immunization on Th1 or Th2 cytokine responses in splenocytes after antigen restimulation postchallenge. All groups produced significantly more IFN-␥ and IL-2 than the mock controls (P Ͻ 0.005) (Fig. 5a and b) . There was no significant difference among the experimental groups when measuring IFN-␥. However, the oral and the oral/i.m. groups produced more IL-2 than the i.m. group (P Ͻ 0.005). Mice receiving systemic immunizations (i.m., oral/i.m., and i.m./oral) produced significantly more IL-5 (P Ͻ 0.005) than the mock group, while the oral group did not (Fig. 6a) . Although there was no difference in IL-6 production among the groups, these levels were all significantly higher than that for the mock controls (P Ͻ 0.005) (Fig. 6b) . All groups secreted significantly more IL-4 than the mock group (P Ͻ 0.005), with the i.m./oral group secreting the largest amount (Fig. 6c) . Together, these data suggest that the combinations or single routes of mucosal/systemic immunizations stimulated both Th1 and Th2 adaptive responses following challenge.
DISCUSSION
The aim of this study was to determine which single route or combination of systemic and mucosal routes of immunizations would generate long-term protection against H. pylori and to define the immune correlates of protection. We found that induction of long-term protection against H. pylori can be achieved by immunizing either through the systemic route alone (i.m. group) or through a combination of mucosal followed by systemic routes (oral/i.m.). Mice challenged 3 months after i.m. and oral/i.m. immunizations had a significant reduction in bacterial load as well as increased levels of H. pylorispecific IL-12 and serum IgG1 and IgG2a responses, with no detectible intestinal IgA production. Mice immunized orally alone or through a combination of i.m./oral routes were not protected and, following oral challenge, had decreased IL-12 responses, decreased IgG1 and IgG2a antibody responses, and increased IgA antibody responses compared to levels for protected mice.
Many studies have shown that protection against H. pylori on October 14, 2017 by guest http://iai.asm.org/ can be achieved through vaccination by either the mucosal or the systemic route (11, 13, 15, 20, 24, 34, 35, 43) . Immunogenicity studies have also shown that the combination of mucosal priming followed by systemic boosting results in high antigenspecific antibody responses (25, 39, 40) . However, in most H. pylori vaccine/protection studies immunized animals were challenged within a month after immunization, whereas we challenged the animals 3 months after immunization (11, 13, 15, 20, 24, 34, 35, 43) . Challenging animals while still in the acute phase after vaccination (1 to 6 weeks) does not predict immunity during the resting memory phase, when the host would most likely be exposed to H. pylori. A study by Garhart et al. focusing on H. pylori eradication postchallenge reported that there were no significant differences in H. pylori bacterial load between vaccinated and unvaccinated mice 1 week postchallenge and that there was only a slight difference at 2 weeks postchallenge (10). However, a significant reduction in bacterial load was observed by week 4 and remained up to a year. To observe peak humoral and cellular immune responses, mice in our study were sacrificed 8 days after challenge, which, according to the Garhart study, was not optimal for measuring decreased colonization. This observation likely explains why our study showed only a modest (less than 2 log), yet still significant, decrease in bacterial load. It is likely that the decreases would have been greater if the mice had been sacrificed at a later time point. Therefore, in this study we have defined protection as a statistically significant decrease in bacterial load in vaccinated groups compared to that for mock controls.
It is commonly accepted that systemic immunization (specifically i.m.) is not optimal for inducing long-term mucosal immunity (7, 17, 30, 42) . However, we found that 3 months after i.m. or oral/i.m. immunization mice were protected from oral H. pylori challenge, whereas after oral or i.m./oral immunization mice were not protected. These data suggest that i.m. immunizations induce immune effector functions that can reach the stomach mucosa and may confer protection following a long-term resting period.
After clearance, H. pylori reinfection can occur readily even in the face of a robust antibody response (1, 26, 31, 41) . It has been shown that vaccination through a mucosal route can provide long-term protection against other pathogens (19, 23, 27, 33) . However, unlike immunity against H. felis, long-term protective immunity against H. pylori has yet to be achieved (27, 33, 38) . Our study is the first of its kind to demonstrate that protection against H. pylori can occur 3 months after immunization, when responses are beyond the acute effector phase, and that protection can occur in mice immunized either (3, 29, 35, 40) . However, we were unable to detect a direct correlation between protection and these cytokines (Fig. 4 to 6 ). Since the mechanisms of H. pylori clearance in protected animals are still not well established, more-detailed studies that focus on antigen-specific cytokine and cellular responses in local tissues, comparing before and after challenge (i.e., vaccinated, uninfected controls), as well as gastritis following immunizations and a long-term resting phase would shed more light on this issue.
In contrast to results with cytokine production, several studies have suggested that H. pylori-specific antibodies do not appear to play a role in protection (9) . Specifically, Garhart et al. showed that immunized, antibody-deficient mice were protected from H. pylori challenge similarly to their wild-type counterparts (9). Our results, however, demonstrate that IgG1 and IgG2a titers may serve as a correlate of protective immunity, with an increase in both IgG1 and IgG2a after challenge in the protected groups (i.m. alone and oral/i.m.). These results are consistent with a previous study in which mucosal followed by systemic immunizations with H. pylori NAP and CagA yielded higher IgG1 serum responses than either the mucosal or the systemic route alone (40) .
IgA, on the other hand, is considered the primary mucosal antibody and is suggested in some studies to be necessary for protection against H. pylori (11, 29) . However, a study by Akhiani et al. recently reported that production of IgA and IL-10 is disadvantageous because they can suppress the protective inflammatory Th1 response at the site of infection (4). Our study supports these findings in that mice immunized through the oral route alone or the i.m./oral routes had high H. pylori-specific IgA titers from both splenocytes and Peyer's patches and were not protected from challenge. Similarly, IL-10 production appeared to be slightly higher (though not statistically significant) in the oral and i.m./oral groups.
Immunization solely through a mucosal route is commonly employed to induce mucosal immunity. However, our study showed that the systemic route alone or the mucosal followed by the systemic route was protective against oral challenge 3 months after immunization, while the mucosal route (oral) or the combination of i.m./oral routes was not. These studies were performed with CT as the adjuvant for all groups, indicating that the sole factor of protection is the route of immunization. This concept is made even clearer when considering the differences between the oral/i.m. and the i.m./oral groups. These two groups differed only in the order in which the vaccine was given, but one was protective (oral/i.m.) and the other was not (i.m./oral). The processes regulating these differing responses are unknown yet have been described for other systems. Studies of vaccines against polio (14) and influenza (8) have shown enhanced immunity from i.m. boost only in individuals that were preexposed mucosally. Thus, there appears to be a protective benefit when the final boost is given systemically.
In this study, the only two routes of immunization tested were i.m. and oral. Evaluations of combinations of other systemic and mucosal routes, such as subcutaneous, intraperitoneal, and intranasal immunizations, would be of great interest. Intranasal immunizations against H. pylori have been shown to be effective against challenge (20, 35) . While the oral and i.m. routes of immunization may be clinically the most practical, exploring other routes will be of scientific interest.
